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1
METHODS OF PREPARING
MONODISPERSED POLYDOPAMINE NANO-
OR MICROSPHERES, AND METHODS OF
PREPARING NANO- OR
MICROSTRUCTURES BASED ON THE
POLYDOPAMINE NANO- OR
MICROSPHERES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority of U.S. pro-
visional application No. 61/583,365 filed on 5 Jan. 2012, the
content of which is incorporated herein by reference in its
entirety for all purposes.

TECHNICAL FIELD

The invention relates to methods of preparing monodis-
persed polydopamine nano- or microspheres, and methods of
preparing nano- or microstructures, such as carbon and hol-
low manganese oxide nano- and microspheres, based on the
polydopamine nano- or microspheres.

BACKGROUND

Colloidal particles have been studied in wide ranging tech-
nical fields such as material science, chemistry, and biology,
and are used in many application areas such as food, inks,
paints, and coatings.

Among them, monodispersed polymer colloidal particles,
such as polystyrene (PS) spheres and poly(methyl methacry-
late) (PMMA) spheres, have attracted much attention.
Exceedingly uniform spheres may be produced by a process
called emulsion polymerization. Such polymer colloids are
widely used as templates for 2-dimensional (2D) or 3D
arrays, and other applications. However, this method is often
tedious in that it requires strict process control. Furthermore,
surface ofthe polymer spheres prepared is passive and further
processing is required for surface modification of the spheres.

Inview of the above, there is a need for improved methods
to form colloidal particles that address at least one of the
above-mentioned problems.

SUMMARY

In a first aspect, the invention refers to a method of prepar-
ing monodispersed polydopamine nano- or microspheres.
The method comprises:

a) providing a solvent system comprising water and at least
one alcohol having the formula R—OH, wherein R is
selected from the group consisting of optionally substi-
tuted C,-C, alkyl; optionally substituted C,-C alkenyl,
optionally substituted C,-Cg alkynyl, optionally substi-
tuted C;-C, cycloalkyl, optionally substituted C;-Cg
cycloalkenyl, and optionally substituted C,-C, aryl;

b) adding dopamine to said solvent system to form a reac-
tion mixture; and

¢) agitating said reaction mixture for a time period of 1 to
10 days to form said monodispersed polydopamine
nano- or microspheres.

In a second aspect, the invention refers to a method of
preparing polydopamine nano- or microspheres having a
layer of metal formed thereon. The method comprises:

a) adding a reducing agent and a metal salt or acid thereof

to a suspension comprising polydopamine nano- or
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2

microspheres prepared by a method according to the first
aspect to form a reaction mixture; and

b) agitating said reaction mixture for a time period of 1 to
48 hours to form a layer of metal on the polydopamine
nano- or microspheres.

In a third aspect, the invention refers to a method of pre-
paring polydopamine nano- or microspheres having a layer of
metal oxide formed thereon. The method comprises

a) adding a metal salt or acid thereof and an alkaline solu-
tion to a suspension comprising polydopamine nano- or
microspheres prepared by a method according to the first
aspect to form a reaction mixture; and

b) agitating said reaction mixture for a time period of 1 to
48 hours to form a layer of metal oxide on the poly-
dopamine nano- or microspheres.

In a fourth aspect, the invention refers to a method of
preparing hollow manganese oxide nano- or microspheres.
The method comprises

a) adding a solution containing permanganate ions and an
acid to a suspension comprising polydopamine nano- or
microspheres prepared by a method according to the first
aspect to form a reaction mixture;

b) agitating said reaction mixture for a time period of 1 to
120 minutes to form a layer of manganese oxide on the
polydopamine nano- or microspheres; and

¢) adding an alkaline solution to the suspension to dissolve
the polydopamine thereby forming hollow manganese
oxide nano- or microspheres.

In a fifth aspect, the invention refers to a method of prepar-
ing hollow metal or metal oxide nano- or microspheres. The
method comprises

a) forming a suspension comprising polydopamine nano-
or microspheres having a layer of metal formed thereon
according to the second aspect, or polydopamine nano-
or microspheres having a layer of metal oxide formed
thereon according to the third aspect, and

b) adding an alkaline solution to the suspension to dissolve
the polydopamine thereby forming hollow metal or
metal oxide nano- or microspheres.

In a sixth aspect, the invention refers to a method of pre-
paring carbon nano- or microspheres. The method comprises
heating the polydopamine nano- or microspheres prepared
according to the first aspect at a temperature in the range of
about 400° C. to about 1000° C. under vacuum or in an inert
gas environment.

In a seventh aspect, the invention refers to an electrostatic
capacitor comprising polydopamine nano- or microspheres
having a layer of metal oxide formed thereon prepared by a
method according to the third aspect.

In an eighth aspect, the invention refers to an electrode
comprising manganese oxide hollow nano- or microspheres
prepared by a method according to the fourth aspect or carbon
nano- or microspheres prepared by a method according to the
fifth aspect.

In a ninth aspect, the invention refers to a method of form-
ing a porous metal oxide film. The method comprises:

a) forming a layer of polydopamine nano- or microspheres
prepared according to the first aspect on a suitable sub-
strate;

b) forming a layer of metal oxide on the layer of poly-
dopamine nano- or microspheres; and

¢) removing the underlying layer of polydopamine nano-
or microspheres by heating at a temperature in the range
of about 400° C. to about 1000° C.

BRIEF DESCRIPTION OF THE DRAWINGS

Hereinafter, the present invention will be described more
fully with reference to the accompanying drawings, in which
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exemplary embodiments of the invention are shown. This
invention may, however, be embodied in many different
forms and should not be construed as limited to the exemplary
embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the invention to those
skilled in the art. In the drawings, lengths and sizes of layers
and regions may be exaggerated for clarity.

FIG. 1 are field emission scanning electron microscopy
(FE-SEM) images of polydopamine (PDA) spheres under
various conditions: (A) 0.5 mg ml™' dopamine, V,
Vomanor=3:1; (B) 1.0mg ml~" dopamine, V., ....:V umor=: 1,
(C) 1.5 mg ml™* dopamine, V,,..-Voswor=5:1; (D) 2.0 mg
ml~! dopamine, V,, ..V, ,....=3:2; and (E) 2.0 mg/ml of
dopamine and V,...:V uno=5:1. Scale bar in (A) and (B)
denotes a length of 200 nm and 500 nm respectively. Scale bar
in (C), (D) and (E) denotes a length of 1 pm.

FIG. 2 is a transmission electron microscopy (TEM) image
of the PDA spheres obtained at 1.8 mg/ml of dopamine and
Vivazer V. =5:1. Scale bar denotes a length of 100 nm.

FIG. 3 are scanning electron microscopy (SEM) images of
the polydopamine spheres obtained at various V., ,,..: V.m0t
with dopamine concentration fixed at 0.5 mg/ml: (A) 5:2, (B)
5:1,(C) 10:1, (D) 20:1. Scale bar in (A), (B) and (D) denotes
alength of 1 pm. Scale bar in (C) denotes a length of 100 nm.

FIG. 4A is a FE-SEM image of PDA spheres synthesized
by isopropyl alcohol (IPA) obtained at 1.5 mgml~" of dopam-
ine with V. :V,»,=5:2. FIG. 4B is a FE-SEM image of
PDA spheres synthesized by ethylene glycol (EG) obtained at
1.0 mg ml™* of dopamine with 'V, ,,,:V z=5:1. FIG. 4C is a
graph showing statistical distribution of the diameters of the
PDA spheres shown in FIG. 4A, and the line is the Gaussian
fitting curve. FIG. 4D is a FE-SEM image of a PDA sphere
with a hole in the center synthesized by IPA. Scale bar in
FIGS. 4A and 4B denotes a length of 1 um. Scale bar in FIG.
4D denotes a length of 500 nm.

FIG. 5 are digital images of (A) PDA spheres dispersed in
DI-water, ethanol and dimethyl fumarate (DMF) (arranged in
order from left to right); (B) to (D) are images of the PDA
spheres (without sonication), where (B) before adding 1 M
sulfuric acid (H,SO,) or 1 M potassium hydroxide (KOH)
solution, (C) after adding 1 M H,SO, solution, and (D) after
adding 1 M KOH solution.

FIG. 6A is a FE-SEM image of a 3D PDA sphere array.
FIGS. 6B and 6C are FE-SEM and TEM images (inset) of the
PDA/Fe, 0, core/shell spheres synthesized without and with
EG. FIG. 6D is a TEM image of the PDA/Ag core/shell
spheres. FIG. 6E is a FE-SEM image of the carbon spheres.
FIG. 6F is a FE-SEM image of the MnO, hollow spheres and
the TEM image (inset) showing the hollow structure. FIG. 6G
is a low magnification FE-SEM image showing the 3D arrays
in a larger scale.

FIG. 7 is X-ray diffraction (XRD) pattern of the PDA/
Fe 0, core/shell spheres without EG.

FIG. 8 depicts graphs showing dependencies of (A) dielec-
tric constant, and (B) dielectric loss of PDA/Fe,O,-PVDFE.

FIG. 9 depicts (A) high resolution transmission electron
microscopy (HRTEM) and (B) FESEM image of PDA/Ag
core/shell spheres.

FIG. 10 depicts (A) TEM image and (B) XRD pattern of
carbon spheres.

FIG. 11 depicts capacitive behavior of the carbon spheres.
FIG. 11A is a graph showing cyclic voltammetry (CV) curves
obtained at various scan rates. FIG. 11B is a graph showing
the plotted curve of the variation in the specific capacitance of
the carbon spheres as a function of the scan rate. FIG. 11C is
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a graph showing the plotted curve of the variation in the
specific capacitance of the carbon spheres as a function of the
current density.

FIG. 12 is a graph showing XRD pattern of the MnO,
hollow spheres.

FIG. 13 shows HRTEM image of the manganese (IV)
oxide (MnO,) shell.

FIG. 14 depicts graphs showing capacitive behavior of the
hollow MnO, spheres. FIG. 14A is a graph showing CV
curves obtained at various scan rates. FIG. 14B is a graph
showing plotted curve of the variation in the specific capaci-
tance of the hollow MnO, spheres as a function of the scan
rate. FIG. 14C is a graph showing the plotted curve of the
variation in the specific capacitance of the hollow MnO,
spheres as a function of the current density. FIG. 14D is a
graph showing the plotted curve of the capacitance retention
of'the hollow MnQO, spheres as a function of the cycle number.

FIG. 15 depicts (A) TEM image of the polydopamine
spheres/Ag core/shell structures; (B) TEM image of the
MnO, hollow spheres; (C) TEM image of the polydopamine
spheres/Fe,;O, core/shell structures obtained with ethylene
glycol; (D) the TEM image of the polydopamine spheres/
Fe, 0, core/shell structures obtained without ethylene glycol.

FIG. 16 depicts graphs showing capacitive performance of
MnO, hollow spheres. (A) CV curves obtained at different
scan rates, loading density 0.417 mg/cm?; (B) plot of the
specific capacitance as a function of scan rate at various
loading densities; (C) specific capacitance obtained at various
current densities, loading density 0.417 mg/cm?; (D) plots of
the specific capacitance of MnO, hollow spheres and control
sample (MnO, hierarchical spheres) as a function of loading
densities; (E) plotted curve of the variation in the specific
capacitance of the MnO, hollow spheres as a function of the
cycle number.

FIG. 17 is (A) SEM image of PDA/ITO substrate; UV
spectrum of the two samples, (B) pristine tungsten oxide
(WO,) film, (C) annealed sample at 400° C.; (D) dynamic
optical modulation of the electrochromic WO, on PDA/ITO
(annealed at 400° C.) films and WOj; electrochemical depos-
ited on ITO (annealed at 400° C.) subjected to an externally
applied potential of -3V (coloration) and +3V (decoloration).

DETAILED DESCRIPTION

In a first aspect, the invention refers to a method of prepar-
ing monodispersed polydopamine (PDA) nano- or micro-
spheres. The method comprises providing a solvent system
comprising water and at least one alcohol having the formula
R—OH, wherein R is selected from the group consisting of
optionally substituted C,-C4 alkyl, optionally substituted
C,-C; alkenyl, optionally substituted C,-C, alkynyl, option-
ally substituted C,;-Cg cycloalkyl, optionally substituted
C;-C; cycloalkenyl, and optionally substituted C4-C, aryl;
adding dopamine to said solvent system to form a reaction
mixture; and agitating said reaction mixture for a time period
of 1 to 10 days to form said monodispersed polydopamine
nano- or microspheres.

Through various embodiments of the invention, simple,
low cost methods to synthesize monodispersed polydopam-
ine spheres are presented. Diameter of the polydopamine
nano- or microspheres formed may be tuned easily by, for
example, varying the amount of alcohol present or by varying
the concentration of dopamine in the reaction mixture. Fur-
thermore, the polydopamine spheres may have active surface
groups such as hydroxy (—OH) and amine (—NH,) groups
thereby negating the need for any processing to modify or
functionalize the surface of the spheres. Versatile utility of the
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polydopamine spheres has been demonstrated for 3D array
fabrication, serving as templates for synthesis of various
nanostructures, such as metal or metal oxide coated poly-
dopamine spheres and hollow metal or metal oxide spheres,
and establishing them as a general platform for many science
and technological applications.

Polydopamine refers to a polymer formed by the polymer-
ization of dopamine, where dopamine refers to a chemical
compound having the following formula:

HO NH,

HO

The method comprises providing a solvent system com-
prising water and at least one alcohol having the formula
R—OH, wherein R is selected from the group consisting of
optionally substituted C,-C, alkyl, optionally substituted
C,-C; alkenyl, optionally substituted C,-C, alkynyl, option-
ally substituted C,-C; cycloalkyl, optionally substituted
C;-C, cycloalkenyl, and optionally substituted C4-C, aryl.

The term “optionally substituted” refers to a group in
which none, one, or more than one of the hydrogen atoms has
been replaced with one or more substituent group(s) indepen-
dently selected from a C,-C; aliphatic group, hydroxy,
alkoxy, cyano, F, Cl, Br, 1, nitro, silyl, and amino, including
mono- and di-substituted amino groups. As an example, an
optionally substituted alkyl group means that the alkyl group
may be substituted or unsubstituted. Exemplary substituents
include C,-C; alkoxy, halogen, hydroxyl, amino, sulfonyl,
nitro, cyano, and carboxyl. The term “halogen” or “halo” as
used herein refers to fluorine, chlorine, bromine or iodine.

The term “optionally substituted C,-C alkyl”, alone or in
combination, refers to a fully saturated aliphatic hydrocar-
bon. In certain embodiments, an alkyl comprises 1 to 6 carbon
atoms, for example 2 to 5 carbon atoms, or 2 to 4 carbon
atoms, wherein (whenever it appears herein in any of the
definitions given below) a numerical range, such as “1 to 6” or
“C,-Cy”, refers to each integer in the given range, e.g. “C-Cq
alky]l” means that an alkyl group comprising only 1 carbon
atom, 2 carbon atoms, 3 carbon atoms, 4 carbon atoms, 5
carbon atoms, or 6 carbon atoms. Examples of alkyl groups
include, but are not limited to, methyl, ethyl, n-propyl, iso-
propyl, n-butyl, isobutyl, sec-butyl, tert-butyl, tert-amyl, pen-
tyl, hexyl, and the like.

The term “optionally substituted C,-C alkenyl” refers to
an aliphatic hydrocarbon having one or more carbon-carbon
double bonds. The C,-C alkenyl group may be straight chain
or branched chain, and may be substituted or unsubstituted.
C,-C; alkenyl groups include, without limitation, vinyl, allyl,
1-propenyl, 1-butenyl, 2-butenyl, 3-butenyl, 2-methyl-1-pro-
penyl, and 2-methyl-2-propenyl.

The term “optionally substituted C,-C alkynyl” refers to
an aliphatic hydrocarbon having one or more carbon-carbon
triple bonds. The C,-C, alkynyl group may be straight chain
or branched chain, and may be substituted or unsubstituted.
Examples of alkynyl groups may be, but are not limited to,
ethynyl, 1-propynyl, 2-propynyl, 1-butynyl, 2-butynyl, and
3-butynyl, and the like.

In the context of various embodiments, by “C;-Cg
cycloalkyl” is meant a group comprising a non-aromatic ring
(i.e. an alicyclic ring) wherein each of the atoms forming the
ring is a carbon atom. The C;-C, cycloalkyl may be formed by
three, four, five or six carbon atoms. The C;-C; cycloalkyl
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may be substituted or unsubstituted. Examples of C;-Cg
cycloalkyl may include cyclopropane, cyclobutane, cyclo-
pentane, and cyclohexane.

In the context of various embodiments, by “C;-Cg
cycloalkenyl” is meant a group comprising a non-aromatic
ring (i.e. an alicyclic ring) wherein each of the atoms forming
the ring is a carbon atom and contains one or more double
bonds. The C;-C, cycloalkenyl may be formed by three, four,
five, or six carbon atoms. The C,-C, cycloalkenyl may be
substituted or unsubstituted. Examples of C;-C cycloalkenyl
include cyclopropene, cyclobutene, cyclopentene, cyclohex-
ene, 1,3-cyclohexadiene, and 1,4-cyclohexadiene, among
others.

As used herein, the term “optionally substituted Cg-C,
aryl” refers to a group comprising an aromatic ring, wherein
each ofthe atoms forming the ring is a carbon atom. Aromatic
in this context means a group comprising a covalently closed
planar ring having a delocalized mt-electron system compris-
ing 4 w+2 r-electrons, wherein w is an integer of at least 1, for
example 1 or 2. In the context of the present invention, aryl
rings may be formed by 6 or 7 carbon atoms. The C,-C, aryl
may be substituted or unsubstituted. In various embodiments,
such a group is a Cq aryl or a C, aryl. Examples of aryl groups
include phenyl and the like.

In various embodiments, the alcohol is a C,-C, alkyl alco-
hol. In the context of the invention, a C,-C, alkyl alcohol
refers to a straight chain or branched chain hydrocarbon con-
taining from 1 to 6 carbon atoms, in which one or more of the
hydrogen atoms have been replaced with a —OH group.
Accordingly, examples of C, -C alkyl alcohol include, butare
not limited to, methanol, ethanol, n-propyl alcohol, isopropyl
alcohol, n-butyl alcohol, isobutyl alcohol, sec-butyl alcohol,
tert-butyl alcohol, tert-amyl alcohol, pentyl alcohol, hexyl
alcohol, and the like.

The alcohol is at least substantially soluble in water. In
various embodiments, the alcohol is completely miscible in
water to form a solvent system having a single homogeneous
phase. The alcohol may be selected from the group consisting
of ethanol, isopropyl alcohol, ethylene glycol, and mixtures
thereof. For example, the alcohol may comprise or consist
essentially of ethanol. In one embodiment, the alcohol con-
sists of ethanol.

Dopamine is added to the solvent system to form a reaction
mixture. The dopamine may be added to the solvent system in
any suitable manner. For example, a solution comprising
dopamine may be added to the solvent system in a dropwise
manner, or may be poured into the solvent system to form the
reaction mixture.

The method of the first aspect comprises agitating the
reaction mixture for a time period of 1 to 10 days to form the
monodispersed polydopamine nano- or microspheres. Agi-
tating of the reaction mixture may be carried out by standard
mixing methods known in the art. Any suitable mixing or
agitating device may be used. In various embodiments, the
agitation is carried out by sonicating or stiffing or shaking the
reaction mixture. In some embodiments, agitating of the reac-
tion mixture is carried out by stirring. In embodiments where
sonication is used as the agitation method, wattage on the
sonicator may additionally be varied to achieve a specific
level of agitation. A person skilled in the art is able to choose
and determine the appropriate mixing time and settings based
on the agitation method used.

The polydopamine nano- or microspheres, also referred
herein as polydopamine spheres or particles, may be at least
substantially spherical. The size of the polydopamine nano-
or microspheres may be characterized by their mean diam-
eter. The term “diameter” as used herein refers to the maximal
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length of a straight line segment passing through the center of
a figure and terminating at the periphery. The term “mean
diameter” refers to an average diameter of the particles, and
may be calculated by dividing the sum of the diameter of each
particle by the total number of particles. Although the term
“diameter” is used normally to refer to the maximal length of
a line segment passing through the centre and connecting two
points on the periphery of a sphere, it is also used herein to
refer to the maximal length of a line segment passing through
the centre and connecting two points on the periphery of
particles which are not perfectly spherical.

The term “nanospheres” or “nanoparticles” as used herein
refers to particles which are at least substantially spherical
and having a mean diameter that is 100 nm or below. In
various embodiments, the mean diameter of the polydopam-
ine nano- or microspheres is in the range of about 50 nm to
about 500 nm, such as about 50 nm to about 300 nm, about 50
nm to about 200 nm, about 50 nm to about 150 nm, about 100
nm to about 300 nm, about 150 nm to about 300 nm, about
100 nm to about 200 nm, about 500 nm, about 400 nm, about
300 nm, about 200 nm, about 100 nm, about 50 nm, or about
20 nm.

Size of the polydopamine spheres may be affected by the
volumetric ratio of water to alcohol and the concentration of
dopamine in the reaction mixture. Generally, for a given
concentration of dopamine in the reaction mixture, an
increase in volumetric ratio of water to alcohol results in an
increase in diameter of the polydopamine spheres. Accord-
ingly, to obtain polydopamine spheres of a higher diameter, a,
higher volumetric ratio of water to alcohol may be used.

Generally, the volumetric ratio of water to alcohol in the
solvent system may be in the range of about 20:1 to about 3:2,
such as about 20:1 to about 2:1, about 15:1 to about 2:1, about
10:1 to about 2:1, about 20:1 to about 15:1, about 20:1 to
about 10:1, about 15:1 to about 5:1, orabout 10:1 to about 5:1.
In some embodiments, the volumetric ratio of water to alco-
hol in the solvent system is in the range of about 5:1 to about
3:2.

Concentration of dopamine in the reaction mixture may
also be varied to affect the size of the polydopamine spheres
formed. Generally, size of the polydopamine spheres
increases with increase in concentration of dopamine in the
reaction mixture. Concentration of dopamine in the reaction
mixture may be in the range of about 0.5 mg/ml to about 2.0
mg/ml, such as about 0.5 mg/ml to about 1.5 mg/ml, about 0.5
mg/ml to about 1.0 mg/ml, about 0.5 mg/ml, about 1.0 mg/ml,
about 1.5 mg/ml, or about 2.0 mg/ml.

In various embodiments, monodispersed polydopamine
particles having a mean diameter in the range of about 70 nm
to about 170 nm are obtained when concentration of dopam-
ine in the reaction mixture is less than 1 mg/ml, and volumet-
ric ratio of water to alcohol is less than 5:1.

The polydopamine nano- or microspheres formed are
monodispersed. Monodispersity is generally characterized
by a low coefficient of variation (or variance), defined as the
quotient of the standard deviation on the size distribution
divided by the average particle size. This value is often
expressed as a percentage. In the context of the present appli-
cation, the variance may be calculated using the diameter of
the particles. In various embodiments, the polydopamine
nano- or microspheres have a size variation or a variance
value ofless than 10%, such as less than 8%, less than 6%, less
than 5%, or less than 3%.

The reaction mixture may be agitated for a time period of 1
to 10 days to form the monodispersed polydopamine nano- or
microspheres. In various embodiments, agitating of the reac-
tion mixture is carried out for about 2 days to about 5 days,
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such as about 2 days, about 3 days, about 4 days, or about 5
days. The amount of time at which agitation is carried out may
correspond to the time required for polymerization of dopam-
ine to polydopamine. All of the mentioned time specifications
may be the lower or upper limit of a respective time range.

The method may be carried out at any suitable temperature,
such as about 1° C. to about 50° C., about 20° C. to about 40°
C., about 20° C. to about 30° C., or about 25° C. Advanta-
geously, the method of the first aspect may be carried out at
room temperature, which means that no heating or cooling of
the reagent is required.

The solvent system or the reaction mixture may further
comprise Tris-buffer solution. The term “Tris-buffer solu-
tion” refers to a buffer solution comprising tristhydroxym-
ethyl)-amino-methane having the chemical formula
(HOCH,);CNH,. The buffer solution may be used to main-
tain the pH of the solvent system at a constant level. In various
embodiments, the buffer solution has an effective pH range
between 7.1 and 9.0. The concentration of tristhydroxym-
ethyl)-amino-methane in the Tris-buffer solution may range
from about 1 mg/ml to about 2 mg/ml, such as about 1 mg/ml
to about 1.4 mg/ml, about 1.4 mg/ml to about 1.8 mg/ml, or
about 1.2 mg/ml. In one embodiment, the concentration of
tris(hydroxymethyl)-amino-methane in the Tris-buffer solu-
tion is about 1.21 mg/ml.

In various embodiments, the method of the first aspect
includes separating the polydopamine nano- or microspheres
from the reaction mixture. The reaction mixture may be cen-
trifuged before separating the supernatant and the poly-
dopamine particles formed. The centrifugation may be car-
ried out for at least about 5 minutes, at least about 10 minutes,
at least about 15 minutes, at least about 20 minutes, at least
about 25 minutes, at least about 30 minutes, at least about 35
minutes, at least about 40 minutes, at least about 45 minutes,
at least about 50 minutes, or at least about 55 minutes. The
centrifugation speed may be, but is not limited to, less than or
equal to about 12,000 rpm, such as about 8,000 rpm to about
12,000 rpm, about 10,000 rpm to about 12,000 rpm, about
5,000 rpm to about 8,000 rpm, about 4,000 rpm to about 6,000
rpm, about 12,000 rpm, about 10,000 rpm, about 8,000 rpm,
about 6,000 rpm, about 5,000 rpm, or about 4,000 rpm.

In some embodiments, the method of the first aspect
includes cleaning the polydopamine nano- or microspheres.
For example, the polydopamine nano- or microspheres may
be rinsed or washed with a suitable reagent such as water
and/or ethanol for one time, or a number of times to remove
residual alcohol and/or buffer solution that is present on the
surface of the particles.

As mentioned above, the polydopamine particles formed
may be used as a template for formation of other nanostruc-
tures. Accordingly, in a second aspect, the invention refers to
a method of preparing polydopamine nano- or microspheres
having a layer of metal formed thereon. The polydopamine
nano- or microspheres coated with a layer of metal may be
used for example, in catalysis and in surface enhanced Raman
spectroscopy (SERS) applications.

The method includes adding a reducing agent and a metal
salt or acid thereof to a suspension comprising polydopamine
nano- or microspheres prepared by a method according to the
first aspect to form a reaction mixture; and agitating said
reaction mixture for a time period of 1 to 48 hours to form a
layer of metal on the polydopamine nano- or microspheres.

The reducing agent may be selected from the group con-
sisting of sodium citrate, citric acid, and mixtures thereof. In
various, embodiments, the reducing agent comprises sodium
citrate. In one embodiment, the reducing agent consists
essentially of sodium citrate.
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In various embodiments, the reducing agent reduces the
metal ion of the metal salt or acid thereof in the reaction
mixture to form a layer of metal on the polydopamine nano-
or microspheres. Generally, any salt of a metal ion, or its acid,
that is able to be reduced by the reducing agent and precipitate
out in its metal form in the reaction mixture may be used. For
example, the metal salt may be a monovalent metallic salt
such as a silver salt or a gold salt, or a bivalent metallic salt,
such as iron, copper, manganese and zinc. Suitable salts of the
metal may include, but are not limited to, halides, carbonates,
sulfates, nitrates and phosphates.

In various embodiments, a metal salt is added along with a
reducing agent to a suspension comprising polydopamine
nano- or microspheres according to the first aspect to form a
reaction mixture. The metal salt may be a solid or in the form
of a salt solution. For example, the metal salt may be dis-
solved in an aqueous solution to form a salt solution, wherein
the metal salt dissociates into its constituent metal ions and
anions. In various embodiments, the metal salt is a solid,
wherein upon addition to the reaction mixture, it dissociates
into its constituent metal ions and anions. The reducing agent
that is present in the reaction mixture may then reduce the
monovalent or the bivalent metal ions into its zerovalent state
to form a layer of metal on the polydopamine nano- or micro-
spheres.

In various embodiments, the metal salt comprises a silver
salt or a gold salt. In some embodiments, the metal salt com-
prises a silver salt. Examples of silver salt include, but are not
limited to, silver nitrate, silver chloride, silver acetate, silver
benzoate, silver carbonate, silver iodate, silver iodide, silver
lactate, silver laurate, and silver oxide. In various embodi-
ments, the metal salt comprises or consists essentially of
silver nitrate. In other embodiments, the metal salt comprises
a gold salt. Examples of gold salt include, but are not limited
to, a lithium salt of tetrachloroauric acid, a sodium salt of
tetrachloroauric acid, a potassium salt of tetrachloroauric
acid, a lithium salt of tetrabromoauric acid, a sodium salt of
tetrabromoauric acid, a potassium salt of tetrabromoauric
acid, a sodium salt of tetracyanoauric acid and a potassium
salt of tetracyanoauric acid. In line with the above discussion,
the acid forms of the respective gold salts listed, such as
chloroauric acid (HAuCl,) and tetrabromoauric acid
(HAuBr,) may also be used. Chloroauric acid, for example,
dissociates in an aqueous solution into gold ions and AuCI*-
anions.

As mentioned above, the reducing agent that is present in
the reaction mixture may reduce the monovalent or the biva-
lent metal ions into its zerovalent state, such that the metal
ions precipitate out in the reaction mixture in their metal
form, as metal nanoparticles. The metal nanoparticles may be
held in place on the polydipamine nano- or microspheres by
the active surface groups, such as hydroxyl (—OH) and
amine (—NH,) groups on the polydipamine spheres. In
embodiments whereby a silver salt is used, the layer of metal
formed on the polydopamine nano- or microspheres may
comprise or consist essentially of silver nanoparticles. The
silver nanoparticles may bind to the active surface groups,
such as hydroxyl (—OH) and amine (—NH,) groups on the
polydipamine spheres, which then holds the silver nanopar-
ticles in place to form a layer of metal on the polydopamine
nano- or microspheres. In various embodiments, the silver
nanoparticles have a mean diameter in the range of about 10
nm to about 20 nm, such as about 10 nm to about 18 nm, about
10 nm to about 15 nm, about 12 nm to about 18 nm, about 10
nm, about 15 nm or about 20 nm.

The reducing agent or the metal salt may be added together
or separately to the suspension comprising polydopamine
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nano- or microspheres. In various embodiments, the reducing
agent is added to the suspension comprising polydopamine
nano- or microspheres prior to adding the metal salt.

The method includes agitating the reaction mixture for a
time period of 1 to 48 hours to form a layer of metal on the
polydopamine nano- or microspheres. Examples of agitation
methods have already been mentioned above. In various
embodiments, the reaction mixture is agitated by stirring.

In various embodiments, agitating of the reaction mixture
is carried out for about 1 hour to about 48 hours, such as about
1 hour to about 24 hours, about 1 hour to about 12 hours, about
1 hour to about 5 hours, about 2 hours to about 4 hours, about
1 hour, about 2 hours, about 3 hours or about 4 hours. The
amount of time at which agitation is carried out may be the
time required for formation of the metal layer on the poly-
dopamine nano- or microspheres. Generally, the method
according to the second aspect forms a layer of metal on the
polydopamine nano- or microspheres in less than 10 hours.
All of the mentioned time specifications may be the lower or
upper limit of a respective time range.

The metal layer may be formed at any suitable temperature.
In various embodiments, agitating is carried out at a tempera-
ture ofabout 1° C. to about 30° C., such as about 1° C. to about
20° C., about 1° C. to about 10° C., about 10° C. to about 30°
C., about 20° C. to about 30° C., about 25° C. to about 30° C.,
about 25° C., about 20° C., about 15° C., about 10° C., about
5°C., or about 1° C. In various embodiments, the suspension
containing polydopamine particles is kept in an ice-water
bath when the metal salt is added to the suspension.

The method according to the second aspect may further
include separating the metal layer-coated polydopamine
nano- or microspheres from the reaction mixture, and/or
cleaning the metal layer-coated polydopamine nano- or
microspheres, using methods such as that discussed above.

The polydopamine nano- or microspheres formed may also
be used as a template for formation of polydopamine nano- or
microspheres coated with a layer of metal oxide. Accord-
ingly, in a third aspect, the invention relates to a method of
preparing polydopamine nano- or microspheres having a
layer of metal oxide formed thereon.

The method comprises adding a metal salt or acid thereof
and an alkaline solution to a suspension comprising poly-
dopamine nano- or microspheres prepared by a method
according to the first aspect to form a reaction mixture; and
agitating said reaction mixture for a time period of 1 to 48
hours to form a layer of metal oxide on the polydopamine
nano- or microspheres.

Generally, any metal salts or acid thereof comprising metal
ions which are able to chemically interact with the functional
groups —OH and —NH of polydopamine may be used.
Examples of suitable metal salt include, but are not limited to,
tin salts and iron salts. In various embodiments, the metal salt
comprises a mixture of iron (II) chloride and iron (IIT) chlo-
ride. The iron (II) chloride and iron (III) chloride may be
present in any suitable ratio. In various embodiments, the
metal salt comprises a mixture of iron (II) chloride and iron
(IIT) chloride present in a molar ratio of about 1:2.

As in the case for the second aspect, the metal oxide layer
may comprise or consist essentially of metal oxide nanopar-
ticles. In various embodiments, when the metal salt comprises
iron (II) chloride and iron (III) chloride, a layer of iron (11, I1I)
oxide (Fe;0,) is formed on the polydopamine particles. The
layer of Fe,O, may comprise or consist essentially of Fe,O,
nanoparticles. The Fe;O, nanoparticles may have a mean
diameter in the range of about 10 nm to about 20 nm, such as
about 10 nm to about 18 nm, about 10 nm to about 15 nm,
about 12 nm to about 18 nm, about 10 nm, about 15 nm or
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about 20 nm. In other embodiments when the metal salt
comprises tin (II) chloride, the metal oxide formed may com-
prise tin (IV) oxide (SnO,). The tin (IV) oxide may form a
layer on the surface of the polydopamine particles and may
comprise or consist essentially of tin oxide nanoparticles.
Size of the tin oxide nanoparticles may be similar to that of the
Fe,O, nanoparticles.

The alkaline solution may be selected from the group con-
sisting of potassium hydroxide, sodium hydroxide, ammo-
nium hydroxide, and mixtures thereof. In various embodi-
ments, the alkaline solution consists essentially of potassium
hydroxide. The alkaline solution may be added in a dropwise
fashion to the reaction mixture. Generally, the order in which
the metal salt and the alkaline solution are added to the sus-
pension is not important, and may accordingly be added
separately or at the same time to the suspension.

For the PDA spheres to remain stable in solution, the pH of
the reaction mixture may be less than or equal to 10, such as
6,7, 8,9 or 10. Accordingly, the amount of alkaline solution
added may be an amount such that the pH of the reaction
mixture is less than or equal to 10, which may in turn depend
on the type of alkaline solution used and its concentration.

The method of the third aspect further includes agitating
the reaction mixture for a time period of 1 to 48 hours to form
a layer of metal oxide on the polydopamine nano- or micro-
spheres.

Examples of agitation methods have already been men-
tioned above. In various embodiments, the reaction mixture is
agitated by stirring. Agitating of the reaction mixture may be
carried out for about 1 hour to about 48 hours, such as about
1 hourto about 24 hours, about 1 hour to about 12 hours, about
1 hour to about 5 hours, about 2 hours to about 4 hours, about
1 hour, about 2 hours, about 3 hours or about 4 hours. The
amount of time at which agitation is carried out may be the
time required for formation of the metal oxide layer on the
polydopamine nano- or microspheres. Generally, the method
according to the third aspect forms a layer of metal oxide on
the polydopamine nano- or microspheres in less than 10
hours. All of the mentioned time specifications may be the
lower or upper limit of a respective time range.

The metal oxide layer may be formed at any suitable tem-
perature. In various embodiments, agitating is carried out at a
temperature of about 1° C. to about 50° C., such as about 20°
C. to about 40° C., about 20° C. to about 30° C., or about 25°
C. In various embodiments, the method of the third aspect is
carried out at room temperature.

Methods of separating metal oxide-coated polydopamine
nano- or microspheres from the reaction mixture, and clean-
ing the metal oxide-coated polydopamine nano- or micro-
spheres, such as that mentioned above for metal-coated poly-
dopamine nano- or microspheres, may also be applied.

The metal oxide coated polydopamine nano- or micro-
spheres may be used, for example, to form electrodes, or to
form electrostatic capacitors.

The polydopamine nano- or microspheres prepared by a
method according to the first aspect may also be used as a
template to form manganese oxide hollow particles. Accord-
ingly, in a fourth aspect, a method of preparing hollow man-
ganese oxide nano- or microspheres is provided. The method
comprises adding a solution containing permanganate ions
and an acid to a suspension comprising polydopamine nano-
or microspheres prepared by a method according to the first
aspect to form a reaction mixture; agitating said reaction
mixture for a time period of 1 to 120 minutes to form a layer
of manganese oxide on the polydopamine nano- or micro-
spheres; and adding an alkaline solution to the suspension to
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dissolve the polydopamine thereby forming hollow manga-
nese oxide nano- or microspheres.

The solution containing permanganate ions may be sodium
permanganate, potassium permanganate, or mixture thereof.
In various embodiments, the solution containing permanga-
nate ions comprises or consists essentially of potassium per-
manganate.

Examples of acid that may be used include, but are not
limited to, hydrochloric acid, sulfuric acid, phosphoric acid,
formic acid, glycolic acid, citric acid, or mixtures thereof. In
various embodiments, the acid comprises or consists essen-
tially of sulfuric acid.

The alkaline solution may be selected from the group con-
sisting of potassium hydroxide, sodium hydroxide, ammo-
nium hydroxide, and mixtures thereof. In various embodi-
ments, the alkaline solution consists essentially of potassium
hydroxide. The alkaline solution may be used to dissolve
polydopamine, so as to form hollow manganese oxide nano-
or microspheres. Any suitable amount of alkaline solution
that is able to dissolve the polydopamine nano- or micro-
spheres may be used. In various embodiments, adding the
alkaline solution to the suspension comprises adding the alka-
line solution in an amount such that the pH of the suspension
is greater than or equal to 12, such as 12, 13 or 14.

In various embodiments, agitating of the reaction mixture
is carried out for about 1 minute to about 120 minutes, such as
about 1 minute to about 60 minutes, about 1 to about 30
minutes, about 1 minute to about 10 minutes, about 1 minutes
to about 5 minutes, about 1 minute, about 2 minutes, about 3
minutes or about 4 minutes. The amount of time at which
agitation is carried out may be the time required for formation
of the manganese oxide coated polydopamine particles. In
various embodiments, alkaline solution is added to the sus-
pension containing manganese oxide coated polydopamine
particles under agitation. The time period mentioned above
may also include the time that is required to dissolve poly-
dopamine to form the hollow manganese oxide particles. The
time required to dissolve polydopamine may depend on, for
example, the type of alkaline solution used and its concentra-
tion. Stronger alkaline solutions such as potassium hydroxide
may require a shorter time to dissolve the polydopamine.
Generally, the method of the fourth aspect may be carried out
in less than 10 minutes. All of the mentioned time specifica-
tions may be the lower or upper limit of a respective time
range.

The hollow manganese oxide nano- or microspheres may
be formed at any suitable temperature. In various embodi-
ments, agitating is carried out at a temperature of about 1° C.
to about 50° C., such as about 20° C. to about 40° C., about
20° C. to about 30° C., or about 25° C. In various embodi-
ments, the hollow manganese oxide nano- or microspheres
are formed at room temperature.

Methods of separating the hollow manganese oxide nano-
or microspheres from the reaction mixture, and cleaning the
hollow manganese oxide nano- or microspheres, such as that
used in the corresponding methods mentioned, above for
metal-coated polydopamine nano- or microspheres, may also
be applied.

In a fifth aspect, the invention refers to a method of prepar-
ing hollow metal or metal oxide nano- or microspheres. The
method comprises forming a suspension comprising poly-
dopamine nano- or microspheres having a layer of metal
formed thereon according to the second aspect, or poly-
dopamine nano- or microspheres having a layer of metal
oxide formed thereon according to the third aspect, and add-
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ing an alkaline solution to the suspension to dissolve the
polydopamine thereby forming hollow metal or metal oxide
nano- or microspheres.

By first coating the polydopamine nano- or microspheres
with a layer of metal or a layer of metal oxide, and subse-
quently dissolving the polydopamine core with an alkaline
solution, hollow metal or metal oxide nano- or microspheres
may be obtained. Examples of alkaline solution that may be
used have already been mentioned above. As in the case for
forming hollow manganese oxide particles, the amount of
alkaline solution used may be any suitable amount that is able
to dissolve the polydopamine nano- or microspheres. In vari-
ous embodiments, adding the alkaline solution to the suspen-
sion comprises adding the alkaline solution in an amount such
that the pH of the suspension is greater than or equal to 12,
such as 12, 13 or 14. Furthermore, the temperature at which
the process is carried out may take place at any suitable
temperature, such as that mentioned above for forming hol-
low manganese oxide particles.

In a further aspect, the invention relates to a method of
preparing carbon nano- or microspheres. The method com-
prises heating the polydopamine nano- or microspheres pre-
pared according to the first aspect at a temperature in the
range of about 400° C. to about 1000° C. under vacuum or in
an inert gas environment. For example, the polydopamine
particles may be heated at a temperature in the range of about
500° C. to about 900° C., about 750° C. to about 1000° C., or
about 650° C. to about 950° C. In various embodiments, the
polydopamine nano- or microspheres are heated at a tempera-
ture of about 900° C.

The polydopamine nano- or microspheres may be heated in
vacuum or in an inert gas environment. Examples of an inert
gas include nitrogen and noble gases such as helium, neon,
argon, krypton, xeon, and mixtures thereof. In various
embodiments, the polydopamine particles are heated in
vacuum to form the carbon particles.

Advantageously, use of polydopamine as template trans-
lates into in a simple and low cost method to form carbon
particles. Furthermore, the carbon particles that are formed in
this way demonstrates good power density and energy density
values, which render them suitable for use as supercapacitor
electrode materials.

In a seventh aspect, the invention relates to an electrostatic
capacitor comprising polydopamine nano- or microspheres
having a layer of metal oxide formed thereon prepared by a
method according to the third aspect.

In an eighth aspect, the invention refers to an electrode
comprising manganese oxide hollow particles prepared by a
method according to the fourth aspect or carbon particles
prepared by a method according to the fifth aspect.

The manganese oxide hollow particles or carbon nano- or
microspheres may be mixed with carbon black and/or a
binder such as polyvinylidenefluoride for example to form a
nanocomposite, prior to formation of the electrode.

In a further aspect, the invention refers to a method of
forming a porous metal oxide film. The method comprises
forming a layer of polydopamine nano- or microspheres pre-
pared according to the first aspect on a suitable substrate;
forming a layer of metal oxide on the layer of polydopamine
nano- or microspheres; and removing the underlying layer of
polydopamine nano- or microspheres by heating at a tem-
perature in the range of about 400° C. to about 1000° C.

Generally, a suitable metal oxide may comprise an electro-
chromic oxide that may be electrodeposited onto the poly-
dopamine spheres. Examples of metal oxide that may be used
include, but are not limited to, cathodic colored oxides such as
oxides of titanium (Ti), niobium (Nb), molybdenum (Mo),
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tantalum (Ta), or tungsten (W), and anodic colored oxides
such as oxides of vanadium (V), chromium (Cr), manganese
(Mn), iron (Fe), cobalt (Co), nickel (Ni), rhodium (Rh) or
iridum (Ir). In various embodiments, the metal oxide com-
prises or consists essentially of tungsten oxide. In some
embodiments, the metal oxide consists of tungsten oxide.

In various embodiments, the metal oxide is dissolved in a
suitable solvent to form a solution prior to dispersing on the
layer of polydopamine nano- or microspheres layer. In
embodiments where the metal oxide comprises tungsten
oxide, for example, tungsten oxide may first be treated with
hydrogen peroxide followed by addition to an alcohol, for
example, ethanol or isopropyl alcohol. The amount of perox-
ide preferably ranges from about 0.2 to about 2.0 moles of
hydrogen peroxide per mole of tungsten, more preferably
from about 0.7 to about 1.3 moles of hydrogen peroxide per
mole of tungsten. By heating the substrate comprising the
multilayer film of polydopamine nano- or microspheres layer
and metal oxide layer at a temperature in the range of about
400° C. to about 1000° C., the polydopamine may be burned
off, leaving behind the metal oxide layer, which may be
porous. In various embodiments, the polydopamine nano- or
microspheres layer is removed by heating at a temperature of
about 400° C. in air. The time required to remove the layer
may depend, for example, on the thickness of the layer and the
size of the polydopamine particles. In some embodiments, the
polydopamine nano- or microspheres layer is removed by
heating for 3 hours at a temperature of about 400° C. in air. In
this regard, the polydopamine nano- or microspheres act as a
template for formation of the porous metal oxide layer,
wherein use of the polydopamine nano- or microspheres
results in an increase in porosity of the metal oxide layer.
This, in turn, translates into improved electrochromic perfor-
mance of the porous metal oxide layer.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises” and/or “com-
prising,” when used in this specification, specify the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

The invention illustratively described herein may suitably
be practiced in the absence of any element or elements, limi-
tation or limitations, not specifically disclosed herein. Thus,
for example, the terms “comprising”, “including”, “contain-
ing”, etc. shall be read expansively and without limitation.
Additionally, the terms and expressions employed herein
have been used as terms of description and not of limitation,
and there is no intention in the use of such terms and expres-
sions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred
embodiments and optional features, modification and varia-
tion of the inventions embodied therein herein disclosed may
be resorted to by those skilled in the art, and that such modi-
fications and variations are considered to be within the scope
of this invention.

The invention has been described broadly and generically
herein. Each of the narrower species and subgeneric group-
ings falling within the generic disclosure also form part of the
invention. This includes the generic description of the inven-
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tion with a proviso or negative limitation removing any sub-
ject matter from the genus, regardless of whether or not the
excised material is specifically recited herein.

Other embodiments are within the following claims and
non-limiting examples. In addition, where features or aspects
of the invention are described in terms of Markush groups,
those skilled in the art will recognize that the invention is also
thereby described in terms of any individual member or sub-
group of members of the Markush group.

EXPERIMENTAL SECTION

A key step to fabricate PDA spheres is to control the
spheres growth process through the introduction of an alcohol
such as ethanol. It was surprisingly found by the inventors
that dopamine was able to polymerize in DI-water with aque-
ous Tris buffer solution, and was not able to polymerize in
ethanol. It indicates that ethanol could impede the polymer-
ization of dopamine. Therefore, ethanol was used in various
embodiments to control the polymerization process of
dopamine to obtain PDA spheres.

Example 1

Synthesis of Polydopamine (PDA) Spheres

Synthesis of PDA spheres was carried out in a water-
alcohol mixed solvent. Briefly, the Tris-buffer solution (1.21
mg ml~* based on DI-water) was first mixed with alcohol
(ethanol, isopropyl alcohol (IPA), or ethylene glycol (EG), or
the mixture) in various volume ratios. Subsequently, dopam-
ine was added to the mixed solution in different concentra-
tions in the range from 0.5 mg ml™* to 2.0 mg ml~! (based on
DI-water). The resultant solution was stirred for more than 3
days to allow reaction to be carried out for formation of PDA
spheres. The product was centrifuged and washed thrice with
DI-water. Washed powders were freeze dried.

Example 2

Synthesis of PDA/Fe;O, Core/Shell Spheres

5.0mg PDA spheres were dispersed in 30 ml DI-water with
or without ethylene glycol by sonication. Iron (II) chloride
(FeCl,) (0.15 mmol) and iron (III) chloride (FeCly) (0.3
mmol) mixed solution (20 ml) was added in PDA spheres
suspension under stirring. Potassium hydroxide (KOH) solu-
tion (0.85 mmol) was then added to the PDA spheres suspen-
sion in a drop-wise fashion. After the reaction, the product
solution was centrifuged and washed thrice with DI water.
Washed powders were dried at 60° C.

Example 3

Synthesis of PDA/Ag Core Shell Spheres

9.0 mg PDA spheres were dispersed in 30 ml DI-water by
sonication. 600.0 mg of sodium citrate was added in PDA
spheres suspension under stirring. 20 ml silver nitrate
(AgNO;) (88 mg) solution was then added to the PDA spheres
suspension under stirring in ice-water bath. The solution was
stirred for several hours. After the reaction, the product solu-
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tion was centrifuged and washed thrice with DI-water.
Washed powders were dried at 60° C.

Example 4
Synthesis of Carbon Spheres

Carbon spheres were fabricated by post-annealing the PDA
spheres using tube furnace. Typically, the PDA spheres were
placed at the center of the furnace. Firstly, the pressure inside
the tube was pumped to 1.4x10~> mbar. Subsequently, the
furnace was heated up to 900° C. at a rate of 5° C. min~* and
kept for 4 hours. After cooling down, the product was col-
lected.

Example 5

Synthesis of Manganese Dioxide (MnO,) Hollow
Spheres

40.0 mg PDA spheres were dispersed in 30 ml DI-water by
sonication. 20 ml potassium permanganate (KMnO,) (0.6
mmol) solution and 0.3 ml sulfuric acid (H,SO,) (1 M) solu-
tion were added in PDA spheres suspension under stirring.
The reaction was very fast and finished within 2 minutes.
After the reaction was carried out, core of the PDA spheres
were removed using KOH. The product solution was centri-
fuged and washed thrice with DI-water. Washed powders
were dried at 60° C.

Example 6
Characterization Methods

Phase of the product was identified by X-ray powder dif-
fraction (XRD, Shimadzu), using Cu Ka (A=0.15406 nm)
radiation at 50kV and 50 mA. The morphology and structure
of'the products were characterized by field emission scanning
electron microscopy (FE-SEM, JEOL 7600F), transmission
electron microscopy (TEM, JEOL 2010) and high resolution
transmission electron microscopy (HRTEM).

FIG. 1A to C are SEM images depicting the PDA spheres
synthesized respectively at a dopamine concentration of 0.5,
1.0 and 1.5 mg ml~" (based on DI-water) while the volume
ratio of DI-water to ethanol is fixed at 5:1. Monodisperse
PDA spheres with diameters around 70 nm and 170 nm may
beseen in FIGS. 1A and B respectively. It is noted that not all
the PDA spheres exhibit ideal sphere-like shape. Some of the
PDA spheres show shape-deformation. When the dopamine
concentration was increased to 1.5 mg ml™, the diameter of
PDA spheres varied from about 200 nm to about 300 nm. With
further increase of dopamine concentration up to 2.0 mg ml~*
(VivazerVemanor=3:1), no PDA spheres were obtained (see
FIG. 1E).

However, when the volume ratio of DI-water to ethanol is
changed to 3:2, large PDA spheres (FIG. 1D) with diameter
around 400 nm can be obtained at a dopamine concentration
of 2.0 mg ml™*. This shows that the diameter of PDA spheres
increases with the increase in dopamine concentration. It
suggests that the diameter of the PDA spheres may be easily
controlled by the dopamine concentration. Furthermore, it
reveals that the volume ratio of DI-water to ethanol has a
strong influence on the synthesis of the monodisperse PDA
spheres. The PDA spheres were further observed by trans-
mission electron microscopy (TEM). It is seen that the PDA
spheres exhibit good spherical shape, but the surface is not
ideally smooth (see TEM image, FIG. 2).
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The effect of the volume ratio of DI-water to ethanol on
polydopamine spheres formation is illustrated in FIG. 3
depicting the FE-SEM images of PDA spheres obtained at
various volume ratios of DI-water to ethanol with the dopam-
ine concentration fixed at 0.5 mg ml~*. With the increase in
DI-water content, the diameter also increases. Similar to the
above result, if the DI-water content is too high, impurities are
obtained as shown in FIG. 3D. It suggests that at a given
dopamine concentration, monodisperse PDA spheres may be
obtained at a certain range of volume ratio of DI-water to
alcohol. This provides another way to tune the diameter of
PDA spheres.

Apart from ethanol, EG and IPA can also be used for the
fabrication of PDA spheres. FIGS. 4A and B depict the SEM
images of PDA spheres synthesized by EG and IPA, respec-
tively. The PDA spheres fabricated by EG are similar to the
one synthesized by ethanol. The PDA spheres obtained by
IPA exhibit a better quality. Based on the FE-SEM image
observations, the diameters of PDA spheres, which were sta-
tistically measured from 200 spheres, displayed a Gaussian
distribution with a maximum diameter of 348.5+23.5 nm
(6.7%), clearly demonstrating its monodisperse nature (FIG.
4C). It is very important that the PDA spheres may be used as
a template for the assembling of nano-architectures, for
example, 2D patterns, 3D arrays, and photonic crystals. Inter-
estingly, some PDA spheres with a hole in the center were
found occasionally during the FE-SEM observation (FIG.
4D). It is worth to note that all the yield of PDA spheres
obtained were able to reach about 50%.

Although polydopamine has been studied for decades,
mechanism of the polymerization process is still not clear.
Based on the results mentioned above, ethanol (or other alco-
hol) may prevent the polymerization of dopamine. In the
present case, polymerization rate was suppressed by using
DI-water and alcohol mixed solution. Polydopamine does not
exhibit anisotropic growth character, leading to the formation
of'spherical polydopamine under a low polymerization rate as
shown in FIG. 1E. Other experiment parameters, such as
temperature, stirring rate, and supply of oxygen may affect
quality of the PDA spheres. As mentioned above, some of the
PDA spheres do not assume an ideal sphere-like shape. A
better understanding of the growth mechanism may provide
insights on achieving high quality PDA spheres.

For the practical applications of polymer spheres, the abil-
ity of the polymer spheres to be dispersed in various solvents
is of high importance as many of the industrial processes are
solution based. The as-synthesized PDA spheres exhibited
very good dispersion in DI-water, ethanol and N,N dimeth-
ylformamide (DMF) as shown in FIG. 5A. It was found that
the PDA spheres may be decomposed in KOH solution while
remaining stable in H,SO, solution as depicted in FIG. 5B to
D. This unique property is very useful, as it shows potential of
the method to be employed for synthesis of hollow polymer
spheres using PDA spheres as a template. In contrast thereto,
if PS spheres were used as a template, it could not be removed
as both of PS spheres and polymer shell may be dissolved in
organic solvents.

Similar to PS spheres, PDA spheres could serve as a gen-
eral platform for multiple applications. Its unique properties,
such as its active surfaces and soluble nature in KOH, make it
superior to PS spheres. The active surface groups (—NH,,
—OH) on PDA spheres could serve as nucleation sites and
linker moieties, making it very simple to synthesize PDA/
metal oxides (or metal) core/shell nanostructures, or hollow
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nanostructures. In the following, selected applications of
PDA spheres are presented as proof of concepts.

Example 7
Fabrication of 3D PDA Spheres Arrays

Self-assembly and ordering of monodisperse polymer
spheres into arrays and as templates for use in photonic,
catalyst supports, and energy storage devices have attracted
great attention.

For example, PS spheres are employed as a sacrificial
template for fabrication of 2D metal patterning or 3D arrays.
Several methods, e.g. sedimentation in a force field, crystal-
lization via repulsive electrostatic interactions, and self-as-
sembly under physical confinement, have been developed to
synthesize 3D arrays. In the present case, a simple drop-
casting method is used to fabricate 3D PDA spheres arrays.
FIG. 6A shows the FE-SEM images of the well ordered PDA
spheres arrays with size about 70 nm. Note that the PDA
spheres were coated with a thin layer of Au before FE-SEM
observation. A low magnification FE-SEM shown in FIG. 6G
exhibits the 3D arrays in a larger scale. The size of 3D PDA
spheres arrays may be easily tune by using PDA spheres with
different diameters. However, “defects” may be present as the
3D arrays are not perfect. Further improvement is ongoing to
improve the quality and assembly techniques of the PDA
spheres for making the 3D arrays.

Example 8

PDA/Fe; 0, Core/Shell Spheres for Electrostatic
Capacitor

In recent years, Fe;O, hollow spheres have attracted much
attention for use in catalysts, microwave absorption materi-
als, drug delivery systems, and biomolecular materials. Our
PDA spheres exhibit superiority in the fabrication of Fe;O,
shell. Two kinds of PDA/Fe;O, core/shell spheres were syn-
thesized by a simple precipitation method without surface
functionalization. FIG. 6B illustrates the as-synthesized
PDA/Fe,O, core/shell spheres. The rough surface suggests
the successtul coating of Fe, O, shell, which comprise of tiny
particles with size round several nanometers as depicted by
TEM images (inset of FIG. 6B). XRD pattern (FIG. 7) shows
that the peaks could be indexed to face-centered Fe O,
(JCPDS 74-0748). Interestingly, with the presence of EG, the
PDA/Fe;0, core/shell spheres show the flower-like morphol-
ogy (FIG. 6C). The TEM image (inset of FIG. 6D) shows that
the Fe, O, shell is in the form of thin flakes.

The application of PDA/Fe, 0, core/shell spheres (without
EG) as a filler for electrostatic capacitor was exploited in this
work. As the filler has a much higher permittivity than the
polymer matrix, most of the increase in effective dielectric
permittivity comes though an increase in the average field in
the polymer matrix with very little of the energy being stored
in the high permittivity filler phase. Herein, Fe;O, nanopar-
ticles were used as fillers because its dielectric constant
(K=about 20) is close to the PVDF matrix (K=about 10). This
prevents the enhanced local field effect leading to low dielec-
tric breakdown strength and poor energy density. To the best
of the inventors” knowledge, it has not been studied previ-
ously. The performance is revealed in FIG. 8.

FIGS. 8A and 8B display the dielectric constant and dielec-
tric loss for the nanocomposite with various weight percent-
ages of the PDA/Fe 0, core/shell spheres as fillers. It can be
observed that the dielectric constant of the PDA/Fe;O,-
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PVDF nanocomposite increased with increasing weight of
the PDA/Fe 0, core/shell spheres up to 50 wt %. The dielec-
tric loss increased with increasing weight percentage of PDA/
Fe,0,. The dielectric constant of the 50 wt % PDA/Fe,O,-
PVDF composites reached as high as 38 at 10 Hz and 30 at
10® Hz. This value is comparable to the previously reported
value of 40.74 at 10° Hz for BaTiO,/PVDF composite. The
dielectric loss is 0.25 and 0.2 at 10*> Hz and 10° Hz, respec-
tively. Undoubtedly, these results demonstrate the promising
application of PDA/Fe,O,-PVDF nanocomposites for high
performance capacitors.

Note that the study of PDA/Fe;O, core/shell spheres for
electrostatic capacitor is at the early stage. Further improve-
ment of the performance is expected.

Example 9

Fabrication of PDA/Ag Core/Shell Spheres

Noble metal based core-shell nanostructures have attracted
much attention due to their potential applications in surface-
enhanced Raman scattering (SERS), optoelectronics, cataly-
sis, plasmonics, biological sensing, and so forth. Inthe case of
Ag shell, a surface treatment of the solid core (e.g. SiO,
spheres, PS spheres) is required. Another attractive method is
the layer-by-layer self-assembly technique developed by
Caruso. It could synthesize continuous metallic Ag shell.
However, it is too time-consuming for practical application.
Using PDA spheres as the core, the synthesis of Ag shell
becomes very simple. No surface treatment or complex pro-
cedure is required. In brief, the sodium citric solution was first
mixed with the PDA spheres suspension. Subsequently, silver
nitrate (AgNO,) solution was added to the mixed solution in
ice-water bath. After hours of stiffing, PDA/Ag core/shell
spheres could be obtained. The as-synthesized products were
examined by TEM and FE-SEM. FIG. 6D shows the TEM
picture of the PDA/Ag core/shell spheres. It can be seen that
the Ag shell is composed of high density Ag nanoparticles
with size about 10 nm to about 20 nm immobilized on the
surface of the PDA spheres. This is further confirmed by the
HRTEM examination (FIG. 9A). As shown in FIG. 9A, the
marked interplanar d spacings (of about 0.24 and about 0.14
nm) correspond to the {111} and {220} lattice planes of the
face-center-cubic Ag, respectively. The low magnification
FE-SEM image (FIG. 9B) suggests the high yield of the
product. The as-synthesized PDA/Ag core/shell spheres may
have application for catalyst and SERS.

Example 10
Fabrication of Carbon Spheres for Supercapacitor

Research in spherical carbon materials is attracting con-
siderable attention for use in supports for catalysts, energy
storage devices, fuel cell electrodes, hydrogen storage, and
adsorbents due to their excellent conductivity, high thermal
stability, low density, high surface area, chemical inertness,
and good mechanical stability. Several approaches including
chemical vapor deposition, hydrothermal, and template have
been developed to synthesize carbon spheres.

The template method is attractive since it allows better
control of the size, pore structure and morphology of the
resulting carbon materials. However, it requires templates
removal by etching in a great deal of corrosive media, causing
pollution to the environment. Our PDA spheres show superi-
ority in the fabrication of carbon spheres. PDA spheres can be
converted to carbon spheres simply by a carbonated process
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under 900° C. under vacuum. PDA spheres serve as template
as well as the carbon source and no protection shell is
required. Furthermore, due to the low cost synthesis of PDA
spheres, the carbon spheres could be fabricated in large scale
resulting in cost cutting. FIG. 6E depicts the FE-SEM image
of'the as-synthesized carbon spheres. It is seen that all carbon
particles displayed a spherical morphology of diameter
around 120 nm as revealed in the TEM image (FIG. 10A). The
carbon spheres were well separated without apparent aggre-
gation. The XRD pattern (FIG. 10B) suggests that the carbon
spheres are poorly graphitic.

The capacitive behavior of the carbon spheres was studied.
The results are shown in FIG. 11. The loading density was
found to be 0.56 mg cm™2. FIG. 11A shows the cyclic volta-
mmogram (CV) obtained at various scan rates. Specific
capacitance reaches 179 F g™' at 5 mV s~ and remains 82%
at 100 mV s~' suggesting good rate capability (FIG. 11B).
FIG. 11C exhibits the specific capacitance obtained at various
current densities. At 0.5 A g™*, a high specific capacitance of
266 F g~' is achieved. At a high current density of 50 A g7*,
the specific capacitance still remains at 130 F g™, corre-
sponding to a power density of 25 kW kg™ (based on carbon
spheres) and energy density of 18 Wh kg™, respectively. It
demonstrates the good rate capability compared with previ-
ous reported results. These results suggest that the as-synthe-
sized carbon spheres are promising supercapacitor electrode
material.

Example 11

Fabrication of MnO, Hollow Spheres and its
Application for Supercapacitor

Hollow nanostructures are widely used in catalysts, chemi-
cal sensors, photonics, energy storage, and drug delivery.
Template method, yielding products with narrow size distri-
bution, is one of the most embarked strategies to synthesize
hollow structures.

However, the commonly used templates, like PS spheres,
are surface inactive resulting in problems to fix desired mate-
rials on the template surface. Our PDA spheres with active
surface could conquer this drawback. Herein, we present a
very simple method to fabricate MnO, hollow spheres for
demonstration. By simply adding KMnO,, solution to the
PDA spheres suspension in the presence of H,SO, solution,
MnO, hollow spheres may be obtained after removing the
PDA spheres core by KOH.

The reaction is very fast, which may be completed within
several minutes. Not only do the PDA spheres act as a tem-
plate, they also serve as reducing reactants. Although detailed
reaction is still not clear, it may be similar to previous report
using organic reducing reactant for the synthesis of MnQO,.
The XRD pattern (FIG. 12) shows two characteristic peaks
(111) and (311), at 19 and 37, which were confirmed to be
MnO, (JCPDS 44-0992). The weak and broad peak signals
suggest the sample is poorly crystalline.

The as-synthesized MnQO, hollow spheres are shown in
FE-SEM image (FIG. 6F). More clearly, the hollow structure
is revealed by the TEM image (inset of FIG. 6F). The MnO,
shell is composed of small crystals as shown in HRTEM
image (FIG. 13). The size and shell thickness of MnO, hollow
spheres may be easily controlled by PDA spheres diameter
and the ratio of KMnO,, to PDA spheres respectively. MnO, is
a very promising pseudocapacitive material for supercapaci-
tor due to its environmental friendliness, high safety, and
good efficiency. The as-synthesized MnO, hollow spheres
were studied as electrode material and showed enhanced per-
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formance due to the hollow structure. The hollow core could
serve as reservoir for electrolyte, which could improve the
rate capability. The results are shown in FIG. 14. FIG. 14A
shows the CV curves at various scan rates, which exhibit ideal
box-like shape. At a loading density of 0.417 mg cm?, the
capacitance reaches as high as 286 F g™' at 5mV s~'. At high
scan rate (100 mV s™'), the capacitance remains about 72% of
this value indicating a good rate capability (FIG. 14B). The
specific capacitance obtained by galvanostatic charge/dis-
charge method reaches 363 F g~* at 0.5 A g7t and 170 F g™*
(23.6 Whkg ") at 50 A g™ (25 kW kg™, based on MnQ.,) as
shown in FIG. 14C, clearly demonstrating the good rate capa-
bility. This improvement could be attributed to the unique
hollow structure. In addition, the MnO, hollow spheres elec-
trode shows excellent cycling stability tested by repeating CV
measurement up to 5000 cycles without capacitance degra-
dation as shown in FIG. 14D.

Example 12
Electrochemical Characterization

The MnO, hollow spheres (or carbon spheres) electrodes
were prepared by casting a mixture of 80 wt % of the active
material with 15 wt % of carbon black and 5 wt % of polyvi-
nylidenefluoride binder (PVDF), dissolved in N-methylpyr-
rolidone (NMP) on a graphite paper followed by drying at
100° C. for 12 hours.

Electrochemical measurements were carried out using an
electrochemical analyzer (Autolab Potentiostat,
PGSTAT302N). The three-electrode cell consisted of
Ag/AgCl as the reference electrode, Pt as the counter elec-
trode and the as-synthesized sample as the working electrode.
1 M Na,SO, (or 1 M H,SO, for carbon spheres) aqueous
solutions with different concentrations were served as elec-
trolyte at room temperature.

Cyclic voltammetry (CV) was done at different scan rates
of 5, 10, 20, 50 and 100 mV s~!. Galvanostatic charge/dis-
charge curves were measured at different current densities of
1,2,5,10,20and 50 A g™* to evaluate the power density and
energy density. The potential window in the range of -0.1 V
t0 0.9V (0 V to 1V for carbon spheres) was used in the
measurements.

Example 13
Electrostatic Capacitor Characterization

PDA/Fe;O, nano-powders were sonicated after adding
NN dimethylformamide (DMF) to prevent agglomeration.
PVDF was dissolved in DMF at room temperature. After the
solution became transparent, PDA/Fe;O, solution was added.
The solution was stirred overnight. The thin film was drop-
coated onto a clean glass slide and dried at 60° C. The film
thickness of about 20 pm was used in this investigation.
Platinum electrodes were sputtered on both sides of the
samples for testing the electrical properties. Frequency-de-
pendent capacitance and loss tangent were measured using an
Agilent E4980A.

In summary, a facile, low cost, and green method has been
developed to synthesize monodisperse PDA spheres. The
diameter PDA spheres, ranging from tens to hundreds of
nanometers, may be simply tuned by the concentration of
dopamine together with the volume ratio of DI-water to alco-
hol. More importantly, PDA spheres possess active surface. It
provides superiority to fabricate various nanostructures (e.g.
metal oxides hollow spheres, core/shell structures, and car-
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bon spheres), some of which exhibit good performance for
energy storage devices. Similar to PS spheres, PDA spheres
could also be used for 2D patterning and 3D arrays. Undoubt-
edly, PDA spheres create a new general platform for not only
fundamental research but also for various practical applica-
tions. The designed synthesis of PDA spheres in this report
fuels further understanding of their growth, properties and
applications which are on-going efforts.

Example 14

Electrochromic Performance of Porous Tungsten
Oxide (WO,;) Film Using PDA Spheres Template

Monolayers of PDA spheres were coated on ITO glass
substrates modified with PVP (8 wt %). Subsequently, WO,
films were electrochemical deposited on the PDA/ITO glass
substrates at —0.8 V using WO, solution (FIG. 17A). The
WO, solution was prepared by adding tungsten powder to 30
ml of 31% hydrogen peroxide (H,O,) under stifling for 2
hours, after which 20 ml of isopropyl alcohol or ethanol was
added.

As to the electrocheromic (EC) performance, two kinds of
samples were tested, namely, as-synthesized WO, film on
PDA/ITO substrate, and annealed WO, film at 400° C. for 3
hours in air. The pristine sample shows the highest contrast
with about 65.8% at 700 nm (see FIG. 17B). However, it
could change back to the original state. And the transparence
of light with long wavelength is suppressed possibly due to
PDA spheres. The PDA spheres may be removed when the
sample annealed at 400° C. The contrast could reach about
49.4% at 700 nm (see FIG. 17C). The transparence could
change back after add +3 V for 4 mins, indicating a good
performance. The dynamic optical coloring/bleaching char-
acteristics of the electrochromic WO, on PDA/ITO (annealed
at 400° C.) films and WO, electrochemical deposited on ITO
(annealed at 400° C.) are shown in FIG. 17D. The switching
time measurements were done at 633 nm for a fixed colora-
tion/decoloration potential of -3 V and +3 V, respectively.
The spectrum is recorded for the time the films take to reach
an optical modulation AT 90%. The coloration time for WO,
on PDA/ITO (annealed at 400° C.) sample is 33 seconds. The
bleaching time is 74 seconds. The WO, electrochemical
deposited on ITO (annealed at 400° C.) sample shows very
low contrast, which might be caused by low porosity and
large size WO, crystals formed during annealing. These
results clearly demonstrate that the performance of WO,
could be improved by using PDA spheres as sacrifice tem-
plates.

While the present invention has been particularly shown
and described with reference to exemplary embodiments
thereof, it will be understood by those of ordinary skill in the
art that various changes in form and details may be made
therein without departing from the spirit and scope of the
present invention as defined by the following claims.

The invention claimed is:

1. A method of preparing monodispersed polydopamine
nano- or microspheres, the method comprising:

a) providing a solvent system comprising water and at least
one alcohol having the formula R—OH, wherein R is
selected from the group consisting of optionally substi-
tuted C,-C; alkyl, optionally substituted C,-C alkenyl,
optionally substituted C,-C, alkynyl, optionally substi-
tuted C;-C, cycloalkyl, optionally substituted C;-Cg
cycloalkenyl, and optionally substituted C,-C, aryl;

b) adding dopamine to said solvent system to form a reac-
tion mixture; and
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¢) agitating said reaction mixture for a time period of 1 to
10 days to form said monodispersed polydopamine
nano- or microspheres.

2. The method according to claim 1, wherein the alcohol is
a C,-C; alkyl alcohol.

3. The method according to claim 1, wherein the alcohol is
selected from the group consisting of ethanol, isopropyl alco-
hol, ethylene glycol, and mixtures thereof.

4. The method according to claim 1, wherein the volumet-
ric ratio of water to alcohol in the solvent system is in the
range of 20:1 to 3:2.

5. The method according to claim 1, wherein concentration
of dopamine in the reaction mixture is in the range of 0.5
mg/ml to 2.0 mg/ml.

6. The method according to claim 1, wherein the solvent
system further comprises tris(thydroxymethyl)amino meth-
ane buffer solution.

7. The method according to claim 1, wherein agitating is
carried out at a temperature of 1° C. to 50° C.
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